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[m2] 8) Lacey, P. M. C.: /. Appl. Chem., 4, 257 (1954 The analysis of a batch dilution crystallizer is presented for different modes of operation using the Bransom crystal growth rate model and power law nucleation rate model. This analysis is used for potassium sulphate crystallization from aqueous solution using ethanol as a diluent. The process configuration is analysed over a wide range of variables in each modeof operation and suitable value of the operating variable is suggested for better and safer performance of a given batch dilution crystallizer.
Intro duction
Prediction and analysis of crystal size distribution (CSD) with given process configuration, physical parameters and system kinetics is one of the important The object of the present communication is to analyse the CSD obtainable in a batch-operated dilution crystallizer under different modes of operation over a wide range of variables and to suggest suitable values of the controlled variable in each mode of operations. The system selected for this study was potassium sulphate-water-ethanol as the data regarding its physical parameters and the system kinetics and the analysis in other types of operations were available for this system.
Process Description
In the analysis of a batch-operated dilution crystallizer for a given system the following assumptions and constraints are used, (a) The crystallizer contents are perfectly mixed and the operation is isothermal, (b) As there is an addition of a diluent the volume of the system may be time-varying. Volume change due to mixing is assumed to be negligible, (c) The solubility of the solute in solution varies with the diluent concentration at a particular temperature as CE=Cm exp (-kCA)
Supersaturation is generated due to decrease in solubility by addition of a diluent to the system, (d) Crystallization kinetics of the system is governed by linear growth rate: G=kgP9La
and nucleation rate: B=knPn
The Bransom growth rate2) (Eq. (2)) and the power law nucleation rate model (Eq. (3)) are used in the 372 present analysis. The crystallizer may contain two types of crystals: the seed and the newly generated nuclei. Therefore, it is convenient to distinguish between the former as S-crystals and the latter as Ncrystals.
It is assumed that the crystal nucleates at a finite size. Secondly, the size dependency function for newly generated nuclei is evaluated at the surfacevolume meancrystal size and for seed crystals at actual mean size of the seed. In the Bransom growth rate model the growth rate tends to zero as the size of the crystals approaches zero for all supersaturation levels and gives discontinuity in growth rate function, which can be avoided by evaluating the size dependency at surface-volume mean crystal size for N-crystals. The power law nucleation model was used by many investigators in the past and the nucleation rate constant depends on number of parameters. A power law term of suspension density or crystal surface area and that of intensity of agitation in the nucleation rate model mayalso be used. In the present analysis the effects of these parameters were not considered. The agitation level can be kept at constant value in the present work for batch crystallizers. The variation in suspension density probably is not significant as the suspension mass and volumeof the system varies with time.
1 Population balance and momentequations
As the diluent is added to the crystallizer during operation the volume of the crystallizer contents varies with time. It is convenient to define the population density function on the basis of total working volume at any time as n=nV (4) Other extensive quantities will also be defined on the basis of total working volume and will be represented by a bar on top of the corresponding symbol. For a batch-operated, perfectly mixed crystallizer with negligible crystal breakage and agglomeration, the population balance based on the total working volume at any time may be given as1}
As the crystallizer may contain N-and S-crystals the general solution of Eq. (5) should consist of the two parts representing the population density of S-crystals and that of N-crystals. Their respective number density functions are continuous functions of size and time.
The momentequations may be derived from the population balance equations (Eq. (5)) by moment transformation.
The moment equations applicable in this process for N-crystals are
(9) In above equations G represents the linear growth rate, (Eq. (2)) and can be represented as G= GPGL =(kgP')(L*) (10) and the size dependency function, GL, for N-crystals should be evaluated at surface-volume mean crystal size defined as L= Un,/Un2
( 1 1) whereas for S-crystals it should be evaluated at actual mean size of the seed.
2 Supersaturation balance
In a batch dilution crystallizer if only S-crystals are present the rate of solid deposition is d Ws/dt=3(Ws0/Ll0)L%t)Gs(L, t) and for N-crystals it is d WJdt=kaPc(dUJdt)
( 1 3) The total rate of solid deposition for (N+S)-crystals is d W/dt=d Ws/dt+dWJdt (14) The supersaturation balance for the batch dilution crystallizer based on total working volume at any time
In Eq. (15), the first term corresponds to accumulation, the second to generation of supersaturation and the third to disappearance of supersaturation from the solution to the solid deposition. The supersaturation balance along with moment equations may be used to find out the various operating modes.
Operating Modes
Batch dilution crystallizers may be operated under various modes, a few of which are considered here. 2. 1 Constant rate of addition of a diluent Underthis modeof operation the rate of addition of a diluent is kept constant. The volume variation of the system will be V= V0+kvt (16) and the concentration of a diluent with zero initial concentration will vary as
The rate of supersaturation generation will be (17) dVCE/dt=kvCE{l -(kVol V)} (1 8) The momentequations for N-crystals will be described by Eqs. (6)- (9); the total rate of solid deposition by Eq. (14) and the supersaturation balance by Eq. (15).
This set of equations along with other information like initial conditions and batch time will define the process configuration completely. Solution of supersaturation balance equation will define the variation of VOL. 13 NO. 5 1980 supersaturation with time with a given constant rate of addition ofa diluent. A similar set of equations can also be derived for any other operating modeunder which the diluent addition rate is a knownfunction of time.
2 Constant rate of change of a diluent concentration
In this type of operation supersaturation in the crystallizer may be achieved by keeping the rate of change of a diluent concentration constant. Therefore, dCA/dt=kc
( 1 9) Assuming initial concentration of a diluent to be zero the volume variation of the system is given as
and the supersaturation generation term is dVCs/dt= CjSke V{( V/ V0) -k} (21) Using the above information and momentequations in supersaturation variation with time maybe defined.
3 From a supersaturated solution
This is a special case of the above two modes. Supersaturation in the solution is achieved before crystallization.
Crystal growth and nucleation can occur during operation without any generation of supersaturation.
Normally such an operation proceeds via seeding and the rate of addition of a diluent is zero. Such an operation mayfind use in laboratory studies in evaluating the kinetic parameters. The nucleation rate (given by Eq. (3)) remains constant during operation. For a constant level of supersaturation , dP/dt = 0 (22) As the variation in volume of the crystallizer is mainly due to the addition of a diluent it can be shown that dV/dt = dVA/dt (23) The solubility variation with time is dCEldt=-KCE^=-kCE^d^(24)
The rate of addition of a diluent in this case may be defined from the supersaturation balance as dW dtI Equation (25) defines the rate at which diluent must be added to the crystallizer so as to maintain the system at a constant level of supersaturation.
5 Constant level of supersaturation with ideal metastability
In this mode the situation may be simplified for analysis from the previous mode by assuming ideal metastability at a constant level of supersaturation, i. e. the nucleation rate is negligible and there will be no N-crystals in the crystallizer.
The growth occurs only on the added seeds, and the total rate of solid deposition may be modified to 
Using above solid deposition rate in Eq. (25) the rate of addition of a diluent with respect to time may be defined to maintain the crystallizer at a constant level of supersaturation.
Results and Discussion
The above treatment was used in an analysis of potassium sulphate crystallization from aqueous solution by adding ethanol as a diluent. The values of the physical parameters and system kinetics used in the present analysis are reported in Table 1 The statistics for the CSD at various levels of supersaturation are reported in Table 2 .
3. 1 Constant-rate operations Normally batch operations are flexible. It is rather difficult to assign all the operating conditions rigidly for the desired product specification.
In an operation with a constant rate of addition of a diluent the supersaturation passes through a maximum.The peak height of supersaturation goes on increasing and peak width decreases with an increase in rate of addition of a diluent (Fig. 1) . Supersaturation is generated because of the addition of a diluent. The diluent concentration at lower rates varies linearly; at higher rates its rate of change lessens with time and the solubility follows an exponentially decaying relationship (Figs. 2-3) . For a particular diluent addition rate the supersaturation generation term is initially high but goes on diminishing with time. Supersaturation will start increasing and along with it growth and nucleation will increase. The rate of disappearance of supersaturation will also increase. The overall result will be that supersaturation level will pass through a maximum.With increase in the addition rate the maximum of supersaturation will occur at lower period as the supersaturation generation term increases with it initially and then decreases at a faster rate. At the level of zero rate, supersaturation goes on diminishing continuously. Increase in size of S-crystals increases with time. With an increase in the addition rate the increase in size of S-crystals increases in the initial period and in the latter period initially it increases, passes through a maximumand then starts decreasing. This behaviour is due to the supersaturation variation of the system. Growth and nucleation processes are competitive, just like parallel reactions. Initially, as supersaturation increases, growth and nucleation start. In a system with positive relative kinetic order at a relatively higher supersaturation level nucleation becomes predominant. At higher addition rates the maximumof supersaturation level is achieved at a higher value in the initial period.
This supersaturation is used in generating large number of nuclei rather than in growing crystals. The final size of Scrystals increases with a diluent addition rate at a lower value, passes through the maximumand then decreases (Fig. 5) . The final weight ratio of N-to S-crystals and the final CV of (N+S)-crystals start increasing rapidly and the final size of the product, i. e. (N+S)-crystals, starts decreasing rapidly after an addition rate of about 1 X 10"6 kg/s. It is rather difficult to decide the objectives in assigning the addition rate of a diluent in an operation. Normally the larger size of seed crystals with minimum CV of product crystals will be desirable.
With these conflicting objectives, for the present process configuration an addition rate of a diluent around 5 x 10"6 kg/s may be used (Fig. 5) . At relatively lower addition rates lower CVwith lower size can be realised. The size and the CVof N-crystals remain more or less constant over the range of rates considered. However, at higher rates, nucleation effects are predominant and the average weight mean size of (N+S)-crystals decreases considerably. It is interesting to note that the final size of S-crystals at the highest rate (1 X 10"* kg/s) is less than that at the limit of zero addition rate of a diluent. The analysis in the operation with con- in the present work it can be used to see its effect in the analysis. It is interesting to note that at supersaturation levels of 0.015 and 0.010 kg/kg the system reaches its physical limits in between the batch time. The solubility of potassium sulphate tends to zero and supersaturation cannot be generated by adding the diluent to the system. Thus it is impossible to maintain the system at a constant level of supersaturation. Such a high level cannot be used for this process configuration. Therefore, it would be better to operate the crystallizer at the supersaturation level around 0.0075 kg/kg. Operation with ideal metastable condition can be carried out at relatively higher (N 0.01 kg/ kg) supersaturation level. Addition rates are initially lower and increase with time, and the concentration of diluent and its rate increases with time. Variation of diluent concentration and solubility in this case is quite different from that of the constant rate of addition operation. Addition rates of a diluent at a lower supersaturation level are the same in operations with and without metastable conditions. However, a substantial difference at higher supersaturation level is observed because of the nucleation effects in the system. Increase in size of S-crystals will be the same for both operations. However, operation with met-VOL.
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Conclusions
Analytical description of a batch dilution crystallizer is developed and used in the analysis of crystallization of potassium sulphate crystals from aqueous solution by adding ethanol as a diluent.
Operations with a constant rate of addition of a diluent and a constant rate of change of the diluent concentration are analysed over a wide range of rates and a rate around 5x 10"6 kg/s for a large size of S-crystal with lower CV 
